Chlorophyll biomass in the global oceans:
satellite retrieval using inherent optical properties
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In the upper layer of the global ocean, 2082 in situ chlorophyll biomass values (Chl) are retrieved by
concurrent satellite-derived inherent optical properties (IOP). It is found that (1) the phytoplankton
absorption coefficient IOP alone does not provide satisfactory (Chl) retrieval; (2) the chromophoric
dissolved organic matter (CDOM) absorption coefficient IOP must also be used to obtain satisfactory
retrieval through (Chl) = a,;, + pacpom Where p is a constant and a,;, and acpoy are, respectively, the
phytoplankton and CDOM absorption coefficients; (3) the IOP-based (Chl) retrieval performance is
comparable to standard satellite reflectance ratio retrievals (that have CDOM absorption intrinsically
embedded within them); (4) inclusion of the total backscattering coefficient IOP does not contribute
significantly to (Chl) retrieval; and (5) the new IOP-based algorithm may provide the possibility for future
research to establish the actual role of extracellular CDOM from all sources in the intracellular produc-

tion of chlorophyll biomass. © 2004 Optical Society of America
OCIS codes: 010.4450, 280.0280, 300.6550.

1. Introduction

Historically, satellite retrieval of chlorophyll biomass
(Chl) utilizes reflectance ratio algorithms.-2 These
reflectance ratios strongly suggest that chlorophyll
biomass is related to oceanic absorption inherent
optical properties (IOPs). Also, independent field
measurements have shown that reflectance ratios
are correlated with the sum of the phytoplankton
and chromophoric dissolved organic matter
(CDOM) absorption coefficients® (a,, + acpom)-

More recently, radiative transfer inversions have
provided chlorophyll retrievals concurrently with
some IOPs.4-6 However, the relationship of the
principal IOPs, a ;, and acpon, to (Chl) variability is
not clearly revealed in these studies.

The purpose of this paper is to suggest that (1) IOP
versus (Chl) relationships can be used to retrieve the
chlorophyll biomass and (2) there is a more direct
bio-optical link between absorption IOPs and chloro-
phyll biomass.
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2. Theory

First, the historical laboratory correlation of the phy-
toplankton absorption coefficient versus (Chl) is
briefly reviewed to establish the usual operative
equation ay, = A(ChD® or (Chl) = (a,,/A)! Sec-
ond, the connection among (Chl), reflectance ratios,
and oceanic absorption IOPs (a,;, and acpom) 1S re-
viewed and established by botfl radiative transfer
and corroborative field experimental findings.
Third, the operative laboratory equation (Chl) =
(aph/A)l/ B is generalized to include the acpop IOP.
Finally, the exponential formulation of the IOP-based
(Chl) retrieval relationship is established.

A. Laboratory Retrieval of Chlorophyll Biomass

Experimentally it is found by laboratory measure-
ments of a,;, and extracted chlorophyll pigment bio-
mass that

@y < (Chl). (1)
Operationally,
apn = a*(Chl), (2)

where a* is the chlorophyll-specific absorption coeffi-
cient (that varies widely depending on light history,
nutrient availability, and species).

Copious laboratory measurements yield a more ro-
bust relationship?:

@y = A(ChlY, 3



which essentially reduces to Eq. (2) when B = 1. For
laboratory retrievals Eq. (3) yields

(Chl) = (‘E‘)B, 4)

where A and B also vary widely depending on light
history, nutrient availability, and species. Of course
chlorophyll biomass variability induced by the other
principal oceanic IOPs (the CDOM absorption coeffi-
cient) is not available through this type of laboratory
analysis.

B. Oceanic Retrieval of Chlorophyll Biomass

The satellite retrieval of chlorophyll biomass in the
real oceanic environment is considerably more com-
plex than laboratory filter pad absorption measure-
ments of a,, and the corresponding chlorophyll
biomass extractions. Specifically, it can be shown
that (Chl) ~ a (the total absorption), and this is the
fundamental basis of the algorithm derived here.
This is achieved through simple radiative transfer
theory and field experiments.

First, for many years it has been shown that chlo-
rophyll biomass is related to water-leaving reflec-
tance ratios®2 or

(Chl) o reflectance ratios. (5)

The reflectance ratio chlorophyll algorithm is essen-
tially a total absorption algorithm. This can be eas-
ily shown when we recall that at 443 nm (the
approximate absorption peak of chlorophyll pigment)
the reflectance R is roughly approximated by R,.(443)
= constant X b,(443)/a(443); and at the lower chlo-
rophyll absorption hinge point, R,.(555) = constant X
b,(555)/a(555) where b, is the total backscattering
coefficient and « is again the total absorption coeffi-

cient. Thus a reflectance ratio can be formed:
R,(555)/R, (443) ~ constant X  b,(555)/
b,(443)a(443)/a(555). It is subsequently found that

backscattering has little influence on the (Chl) vari-
ability, but at this point in the derivation the back-
scattering ratio b,(555)/b,(443) is assumed to have
modest variation. Thus R,(555)/R,.(443) ~ con-
stant X a(443)/a(555). Then, because IOPs can be
rigorously summed,

(Chl) ~ constant

Cyater(443) + a,n(443) + acpom(443)
Qater(555) + a,n(555) + acpom(555)

The reflectance ratio can be expressed entirely in
terms of the absorption at a reference wavelength.
Using 443 nm as the reference wavelength, we obtain
Ayater(885) = C1yae(443) and  a,,(555) =~

Csa,,(443) (Ref. 8); for a CDOM spectral slope of
~0. 017/nm aCDOM(555) ~ 0.15 aCDOM(443) yleldlng

(Chl) ~ constant

water(443) + aph(443) + a(443)CDOM
Clawater(443) + Cya,;,(443) + 0.15 a(443)cpom |

In this paper descriptive constants (having unspeci-
fied values) are given by C; where i = 1, 2, 3
Because a,,.,. is constant, this suggests that the
variability of the reflectance ratio (or chlorophyll) is
strongly driven by a,;,(443) and acpon(443).

Thus the general application of relation (5) yields

<Chl> os aph + acpoM- (6)

Second, in the oceanic environment an important
finding was recently revealed by field experiments:
Water-leaving reflectance ratios are strongly related
to the sum of the phytoplankton absorption and the
CDOM absorption? (see especially Fig. 12 in Ref. 3),
or

reflectance ratios « a,, + a¢cpom- (7

Thus, using relation (5) for oceanic field measure-
ment of IOPs and reflectances, we obtain (Chl) « a,
+ acpom @s given in relation (6).

Without using reflectance ratios, but in analogy to
laboratory determinations, we can give a general
form of oceanic in situ chlorophyll biomass retrieval
using only the a, and acpoy [OPs:

1
Ajap, + Asacpom | B
Chl) = E . 8
(Chl) ( A, ) (8)
Inside the parentheses we define A;/A; = A and

A,/A; = p where A, B, and p are algorithm constants
to be determined. Then

1
(Chl) = (aph_}—paCDOM)B. (9)
A
In log space, this is a linear relationship:
1 In(A)
In((Chl)) = ln(aph + p acpom) + 3 (10)

Preliminary analysis of (Chl) has shown that Eq.
(10) gives a reasonable fit to the in situ data and (a ),
+ p acpom) Tonear = 0.279, rlog = 0.810). However,
an order 5 polynomial yields a notably better agree-
ment between (Chl) and (aph +p aCDOM) in regions of
high total absorption (rfie., = 0.371, iy, = 0.813).
Thus we formulate the IOP-based chlorophyll bio-
mass algorithm as

(Chl) = exp(q5x5 + Q4x4 + q3x3 + Q2x2 + q1x + qo),

(11)

where
x = In[ay, + placpom)*]- (12)
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Here the g;’s and p are determined by least-squares
methods described below. Note that the chlorophyll
biomass given by Eq. (11) is empirical, just like the
standard OC4v4 algorithm; it is not based on reflec-
tance ratios but is explicitly linked to IOPs within the
polynomial. The a,,(\) and acpom(N) IOPs are ob-
tained by linear matrix inversion of a radiative trans-
fer model.?-* The CDOM model slope was held
fixed at 0.018/nm, but the backscattering wavelength
ratio model exponent variability is propagated into
the CDOM absorption coefficient.?!*  For a,(\) and
acpom™) IOPs at A = 412 nm, the values of the
parameters are given in Table 1. (Note that any of
the wavelengths used in the linear matrix inversion,
412, 490, and 555 nm, can be used because the IOP
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(a) Global distribution of the N = 2082 in situ chlorophyll bomass values, color coded into eight regions.
in situ chlorophyll [(Chl) = fla ;n,acpom)] by the IOP-based method given in Egs. (11) and (12).

Table 1. Algorithm Constants qq, 94, 95, 93, 94, G5, and p at 412 nm for
Egs. (11) and (12)
A 9o q1 qs qs 44 qs p

412 nm 2.7702 0.9457 0.8765 0.9038 0.2598 0.025 0.016

models are valid at these wavelengths, although sep-
arate g;’s and the p coefficient must be derived for
each wavelength used.-13 The square root applied
to the acpom(N) coefficient magnifies the effect of the
acpomN) on x when acpop(N) is <1.0 (1/m) and low-
ers its effect when acpop(N) is >1.0 (1/m). The in-
clusion of the square root is purely a tool to improve
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(b) Retrieval of the 2082
(c) Retrieval of the 2082 in situ chlorophyll

values with the standard SeaWiF'S OC4v4 algorithm. Comparison of the correlation coefficients in (b) and (c) shows that the absorption
IOP-based retirevals and the SeaWiF'S standard OC4v4 algorithmic retrievals are quite comparable.
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the performance of the IOP-based empirical algo-
rithm. [We found that the backscattering coefficient
contribution was not significant and could be ex-
cluded from Eq. (12) and is therefore not included in
the final formulation of the algorithm. The back-
scattering coefficient contribution is further dis-
cussed in Section 3 in concert with an illustration of
the variability separately contributed by each IOP.]
Equations (11) and (12) are valid for any sensor, ei-
ther active or passive, that concurrently provides a,,
and acpon-

We derived the g, coefficients used in Eq. (11) by
varying p in Eq. (12) through a range from 0.0 to 2.0
and solving the least-squares fit of Eq. (11) to the in
situ chlorophyll data to derive the ¢’s associated with
each value of p. A correlation coefficient was calcu-
lated between the (Chl) derived from the empirical
algorithm and the in situ (Chl) data for each set of
coefficients. The set of p and g,’s that gave the high-
est correlation coefficient was used in the final ver-
sion of the algorithm.

3. Results

Sea-Viewing Wide Field-of-View Sensor (SeaWiFS)
global area coverage data were processed through
IOP inversion and global binning routines to derive
daily global maps of IOPs.13 We obtained the bio-
mass values from the Goddard Space Flight Center’s
SeaWiFS and Sensor Intercomparison and Merger
for Biological and Interdisciplinary Oceanic Studies
(SIMBIOS) archive by retaining only those values
within the upper 5 m of the surface layer. The in
situ (Chl) data set was compared with the daily global
IOP maps, and a match-up data set was created with
only in situ (Chl) values that were obtained within
24 h of the SeaWiFS IOP data points. We then mod-
ified this match-up data set by averaging all in situ
(Chl) data that were coincident with a single bin
within a daily global map. There were 29,992 in situ
(Chl) data points in the original data set, and 6549 of
those values were coincident with SeaWiF'S over-
passes. The cleaning process that averaged all (Chl)
values within a single bin for a given day reduced the
number of match-up values to 2127. We then re-
duced the match-up data set to 2082 data points by
excluding any satellite data that had either a (412
nm) > 1.0 (1/m) or acpom(412 nm) > 1.0 (1/m) as
determined by model inversion of the SeaWiFS re-
flectances. Water masses with IOP values in this
range generally cause problems for both the IOP in-
version process and the atmospheric correction pro-
cedures applied to the SeaWiFS R values.

Figure 1(a) shows the global distribution of the
2082 in situ chlorophyll biomass values, color coded
into eight regions. Figure 1(b) shows retrieval of the
2082 in situ values by use of the IOP-based method
given by Eqgs. (11) and (12). Figure 1(c) shows re-
trieval of the 2082 in situ values by use of the stan-
dard SeaWiFS OC4v4 algorithm. (The 1:1 lines
provided in Fig. 1 and in Figs. 2—4 are a visual aid;
and to improve clarity, the computed regression lines
are not illustrated.) Comparison of the correlation

coefficients shows that the absorption IOP-based re-
trievals and the SeaWiF'S standard OC4v4 algorith-
mic retrievals are quite comparable. (Because
satellite IOP retrievals and the resulting IOP-based
chlorophyll algorithms are relatively recent develop-
ments, it is reasonable to expect that IOP-based chlo-
rophyll algorithm performance will eventually
surpass that of reflectance ratio algorithms.) The
color-coded pixels in the scatter plots in Figs. 1(b) and
1(c) show that the algorithms do not seem to be biased
in any region. The substantial agreement of the
IOP-based algorithm and the standard SeaWiF'S al-
gorithm is also demonstrated in the scatter plot of the
IOP-based versus OC4v4 retrievals given in Fig. 2.
However, there is an important advantage to the
IOP-based retrieval: It allows for the study of the
variation of the chlorophyll biomass as a function of
the absorption coefficients of phytoplankton and ex-
tracellular CDOM (see Fig. 3). In Fig. 3 it can be
seen that the chlorophyll biomass increases rather
rapidly for smaller values of the absorption coeffi-
cients of both phytoplankton and CDOM. The in-
creasing influence of the phytoplankton absorption
coefficient is especially strong up to a barely percep-
tible plateau at ~0.3/m, at which point its influence
diminishes. Compared with phytoplankton absorp-
tion, the CDOM absorption influence is somewhat
similar but varies more smoothly and shows no obvi-
ous plateau. It has been shown!® that the phyto-
plankton absorption coefficient IOP provides a better
retrieval of primary production than chlorophyll bio-
mass. Figure 3 provides possible interpretive evi-
dence: The phytoplankton are photoacclimating to
the varying CDOM absorption, i.e., increasing CDOM
absorption leads to reduced irradiance incident upon
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Fig. 2. Scatter plot of IOP-based retrievals versus standard Sea-
WiFS OC4v4 retrievals [0OC4v4 versus flayp,acpom)] for 2082 in
situ chlorophyll values in Fig. 1 showing substantial agreement for
the two algorithms.
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Fig. 3. Phytoplankton and CDOM absorption-induced chloro-
phyll biomass variability generated by use of the IOP-based algo-

rithm in Egs. (11) and (12).
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the phytoplankton whose response is then to produce
increasing amounts of chlorophyll (and vice versa).
Figures 4(a)—4(d) illustrate the correlation of the in
situ chlorophyll biomass with each SeaWiFS-
retrieved IOP: total constituent backscattering co-
efficient, phytoplankton absorption coefficient,
CDOM absorption coefficient, and both phytoplank-
ton and CDOM absorption coefficients combined as in
Eqgs. (11) and (12). The IOPs in Figs. 4(a)-4(c) were
regressed to the in situ chlorophyll with Eq. (4). In
Fig. 4(a) the constituent backscattering is weakly but
positively correlated with in situ chlorophyll biomass.
Recall that the constituent backscattering is not used
within the chlorophyll biomass IOP-based retrieval
algorithm because it contributed no noticeable im-
provement. The correlations of the in situ chloro-
phyll biomass with the phytoplankton absorption
coefficient IOP [Fig. 4(b)] and with the CDOM ab-
sorption coefficient [Fig. 4(c)] are both higher than
the constituent backscattering but not remarkably
so. [Note that for Figs. 4(a)—4(c), Eq. (4) was essen-
tially used and best fit for each IOP.) However,
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Fig. 4. Correlation of in situ chlorophyll biomass versus SeaWiFS-retrieved IOPs: (a) total constituent backscattering coefficient [(Chl)
= flbyy)], (b) phytoplankton absorption coefficient [(Chl) = fla,;,)], (¢c) CDOM absorption coefficient, [{Chl) = flacpom)], (d) both phyto-
plankton and CDOM absorption coefficients [(Chl) = fla,,.a¢cpom)] combined as in Eqgs. (11) and (12). The latter IOP-based chlorophyll
retrievals compare favorably with the empirical SeaWiFS OC4v4 chlorophyll biomass algorithm as shown in Figs. 1(b) and 1(c).
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when used in combination [see Egs. (11) and (12)], the
phytoplankton and CDOM absorption coefficients
produce a notable correlation with the in situ chloro-
phyll biomass [Fig. 4(d)] [and compares favorably
with the SeaWiFS chlorophyll biomass as shown
above and discussed relative to Figs. 1(b) and 1(c)].

4. Summary and Discussion

On the basis of historical reflectance ratios, recent
ship cruise findings,? and radiative transfer theory, a
new absorption-based chlorophyll biomass algorithm
isderived. When used to retrieve 2082 in situ global
chlorophyll biomass values, the IOP-based algorithm
[Egs. (11) and (12)] is found to be comparable in
performance to the standard SeaWiFS OC4v4 chlo-
rophyll biomass algorithm. However, unlike reflec-
tance ratio algorithms, the new IOP-based algorithm
allows studies of chlorophyll biomass variability as a
function of phytoplankton and CDOM absorption.
For example, the chlorophyll surface (Fig. 3) shows
significant biomass variability for small amounts of
phytoplankton and CDOM absorption.

For chlorophyll biomass variability, the exact role
of CDOM absorption is not yet understood but it is
hypothesized here to be related to phytoplankton
photoacclimation, i.e., the increased absorption of
CDOM leads to decreased light availability and in
turn the phytoplankton produce more chlorophyll in
response. For example, as supporting evidence, the
IOP-based algorithm here has an exponential form
that is similar to the photoacclimation form,6 i.e., it
has been shown!6 that, for 342 observations related to
23 phytoplankton species,

(Chl,pm) = 0.036 + 0.3 exp(—1.11,).

Here (Chl,,,,) is a normalized cellular chlorophyll
biomass and I, is the growth irradiance (in mol
quanta m 2 h™ 1), ie., the cellular chlorophyll de-
clines exponentially with increasing growth irradi-
ance. Note that a specific growth irradiance
wavelength is unspecified in the theory given in Ref.
16. For satellite remote sensing purposes, one can
attempt to capture the above laboratory-derived ex-
ponential variation by assuming that the in situ oce-
anic photoacclimation-induced chlorophyll biomass

<Chl>oceanic photoacc is given by
<Chl>0ceanic photoace exp[ _SEd(Z) ] ) ( 13)

where E;(Z) (in W m~? nm™!) is the plane irradiance
at depth Z and serves as a reasonable surrogate for
the laboratory growth irradiance. Here s is defined
as the slope of irradiance versus chlorophyll photoac-
climation within an oceanic province. Prior re-
search!® strongly suggests that s is species
dependent, but for satellite remote sensing purposes
s must initially be considered to be a single global
species average. But at any depth, E, ,Z) =
E (07 )exp(—K,;Z) where E;(07) is the downwelling
irradiance just beneath the ocean surface. The IOPs
enter by K; ~ (a + b,)/n where a = a,, + a,, +
acpoms Op 18 the total backscattering, and p is the

average cosine of the downwelling light field. As
with Eq. (11), the photoacclimation hypothesis given
by Eq. (13) also suggests that IOPs play a strong role
in the chlorophyll variability in the global oceans.
Additional modeling and analysis studies, outside the
scope of this paper, are required to demonstrate
equivalence, if any, of the IOP-based chlorophyll re-
trieved by Eq. (11) and the photoacclimation-induced
chlorophyll biomass variability as given by Eq. (13).
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